The terrestrial Roman snail Helix pomatia has successfully adapted to strongly fluctuating conditions in its natural soil habitat. Part of the snail's stress defense strategy is its ability to express Metallothioneins (MTs). These are multifunctional, cysteine-rich proteins that bind and inactivate transition metal ions (Cd 2+ , Zn 2+ , Cu + ) with high affinity. In Helix pomatia a Cadmium (Cd)-selective, inducible Metallothionein Isoform (CdMT) is mainly involved in detoxification of this harmful metal. In addition, the snail CdMT has been shown to also respond to certain physiological stressors. The aim of the present study was to investigate the physiological and diurnal variability of CdMT gene expression in snails exposed to Cd and non-metallic stressors such as desiccation and oxygen depletion. CdMT gene expression was upregulated by Cd exposure and desiccation, whereas no significant impact on the expression of CdMT was measured due to oxygen depletion. Overall, Cd was clearly more effective as an inducer of the CdMT gene expression compared to the applied nonmetallic stressors. In unexposed snails, diurnal rhythmicity of CdMT gene expression was observed with higher mRNA concentrations at night compared to daytime. This rhythmicity was severely disrupted in Cd-exposed snails which exhibited highest CdMT gene transcription rates in the morning. Apart from diurnal rhythmicity, feeding activity also had a strong impact on CdMT gene expression. Although underlying mechanisms are not completely understood, it is clear that factors increasing MT expression variability have to be considered when using MT mRNA quantification as a biomarker for environmental stressors.
Introduction
Snails (Gastropoda, Mollusca) have been able to adapt to diverse ecosystems on land and sea, sometimes being exposed to very harsh conditions in their natural habitats. Terrestrial gastropods, in particular, had to evolve survival strategies to cope with fluctuating environmental conditions such as variations of temperature or water supply, and soil mineral availability due to occasionally fast changing microclimatic conditions. One survival strategy of these species to protein was proposed as a biomarker for environmental metal pollution [17, 18] . A third unspecific MT isoform, the so-called Cd/Cu-MT, was detected at very low expression levels. It binds Cd 2+ and Cu+ ions simultaneously, as previously shown for the near relative Cantareus aspersus [31] . There is increasing evidence that the stress defense system of organisms can be influenced by fluctuations of activity or diurnal rhythmicity. For example, protein activity by phosphorylation [32] as well as mRNA expression and protein synthesis can show diurnal expression patterns or circadian rhythmicity [33] [34] [35] [36] . This means, that the toxic effect of a stressor to the cell and subsequently the survival of the organism can depend on the day time individuals are exposed to [37] . However, there is scarce data about the influence of diurnal rhythmicity on the response capacity towards stressors in invertebrates and terrestrial snails, in particular. As Cd is concerned, this metal is inactivated in snail tissues by a specific CdMT isoform which selectively binds Cd 2+ ions with high efficiency [19, 20] . On the other hand, the CdMT encoding gene seems to respond to environmental stressors less specifically, exhibiting a high degree of plasticity and hence, may allow terrestrial snails to respond to different stressors individually [30] . Against this background, the main purpose of this study was to investigate the transcriptional activity of the CdMT gene of Helix pomatia in response to natural environmental stressors such as desiccation and oxygen depletion on the one hand, and Cd exposure on the other, by considering factors that may influence individual variability. In addition to this, the potential impact of diurnal rhythmicity on the time course of CdMT gene expression in un-stressed and Cd-exposed Roman snails was investigated. This may not only be important for physiological reasons, but may also be relevant in view of using snail MT mRNA quantification in biomarker studies.
Materials and Methods

Rearing of snails
Adult Roman snails (Helix pomatia) were obtained from a commercial supplier (Thüringer Weinbergschnecke, Germany). Prior to exposure, they were kept for several weeks in groups of up to 50 individuals in large wire mesh-sealed plastic boxes (80 x 30 x 20 cm) on commercial garden soil supplemented with lime powder (CaCO 3 ) under constant conditions (18°C, 12 h light/dark cycle-7 am light on and 7 pm light off). Every two to three days, boxes were cleaned, and animals were fed with salad (Lactuca sativa) ad libitum and sprayed with water.
Exposure experiments
For Cd exposure, snails were transferred to smaller plastic boxes and separated into a control and a metal-treated group with 30 individuals each. Control snails were fed with uncontaminated lettuce (4.41 ± 1.55 μg Cd / g dry wt.; n = 5), whereas animals of the metal-exposed group were supplied with Cd-enriched salad (121.33 ± 50.50 μg Cd / g dry wt.; n = 5) which had previously been incubated with a CdCl 2 solution (2 mg Cd / L) for one hour [17] . The duration of the experiment was 14 days.
For the diurnal cycle experiment, snails were kept individually in transparent octagonal plastic boxes (diameter: 12 cm; height: 6 cm) on commercial garden soil supplemented with lime powder (CaCO 3 ). The light period (day) lasted from 07:00 am to 07:00 pm and the dark period (night) from 07:00 pm to 07:00 am. For acclimatization, animals were fed regularly with salad (Lactuca sativa) and sprayed with water for one week. During the experiment, control snails (n = 35) were fed with uncontaminated salad whereas metal-exposed animals (n = 35) were fed with Cd-enriched salad daily as described above for four to five days, depending on the time of sampling (see tissue dissection) until the end of the experiment. Feeding behavior was documented by taking photos of each snail before and after supplying fresh lettuce leaves.
For the oxygen depletion experiment, snails were acclimatized in a sealed transparent acrylic glass chamber at room temperature (RT) for over 12 hours (rel. air humidity approx. 60%). Anoxia was established within 7 to 8 minutes by filling the chamber with nitrogen, to which snails were exposed over a period of 24 hours. Oxygen levels (approx. 0.06%) were measured and regulated by an oxygen probe (PreSense, Regensburg, Germany) throughout the whole experiment. Control snails were held under stable aerated conditions as described above.
For the desiccation experiment, snails were kept in a climate chamber under regular conditions as described above. Controls were fed and sprayed with water every two to three days. Snails of the desiccation group were kept under aestivating conditions with a high aeration rate due to air circulation and without feeding through a period of 21 days.
Tissue dissection
For the Cd exposure experiment, five individuals of each group were dissected for isolation of midgut gland tissue on days 1, 3, 5, 8 and 14. In addition, five control animals were sampled on day 0. For the circadian experiment, five controls and five Cd-fed individuals were dissected for isolation of midgut gland tissue every four hours starting on day four of the Cd exposure at 04:30 pm until day five at 12:30 pm. Dissection of snails at night (time points 08:30 pm, 12:30 am, 04:30 am) was carried out in the dark under red light. For the oxygen depletion experiment, five controls and five individuals exposed to anoxic conditions were dissected after 12 and 24 hours and midgut gland tissue was isolated. For the desiccation experiment, midgut gland tissue of five controls and five dehydrated snails was isolated after 21 days of exsiccation.
Dissection was carried out on an ice-cooled aluminum plate periodically cleansed with distilled water and RNase AWAY (Sigma-Aldrich). From each individual, small tissue aliquots (1-2 mg fresh wt.) were transferred to RNA Later (ambion1by Life Technologies1) and stored at -80°C until RNA isolation. The remaining midgut gland tissue of each individual was transferred into screw-capped polyethylene tubes (Greiner, Austria) and oven-dried at 60°C.
RNA isolation, cDNA synthesis and quantitative Real Time PCR
For RNA isolation, tissue aliquots were homogenized in TRIzol reagent (ambion1by Life Technologies1) using the Ultra-Turrax T25 (Janke & Kunkel IKA1Labortechnik). After DNase I digestion (Invitrogen) RNA was cleaned up with the RNeasy MiniElute Kit (Qiagen, Hilden, Germany). Total RNA was quantified using the Quant-iT TM Ribogreen1 RNA quantification Kit (Invitrogen). 300 to 450 ng of total RNA were applied to a total volume of 50 μl for cDNA synthesis using the RevertAid TM H Minus M-MLV Reverse Transcriptase (Fermentas). Quantitative Real Time PCR (qRT-PCR) of the CdMT gene of Helix pomatia was accomplished using a 7500 Real Time PCR Analyzer with Power SYBR1 Green detection (Applied Biosystems). Δct values were assessed by means of calibration curves from amplicon plasmids cloned with the TOPO TA Cloning1 Kit for sequencing (Invitrogen). Primers were designed and applied as previously described, using total RNA as a reference for transcriptional quantification [38] .
12 ml screw-capped polyethylene tubes (Greiner, Austria) for several days until a clear solution was obtained. When necessary, the digestive mixture was renewed from time to time to compensate for evaporation. For complete oxidation, the remaining digestion solution was spiked with a few drops of H 2 O 2 and diluted with acidified deionized water (5% nitric acid) to a final volume of 11.5 ml.
Cd concentrations were measured by flame (model 2380, Perkin Elmer, Boston, MA) or graphite furnace atomic absorption spectrophotometry with polarized Zeeman background correction (model Z-8200, Hitachi, Japan) and Pd(NO 3 ) 2 as a matrix modifier, depending on concentration levels in the samples. In either case, calibration was performed with diluted titrisol standard solutions (Merck) prepared with de-ionized water and 5% nitric acid (suprapur, Merck). Specimens with lobster hepatopancreas (TORT-2, National Research Council, Ottawa, Canada) were used as standard reference material and processed in the same way as the samples (n = 5). Cd concentrations of the standard reference material were confirmed to be within the accepted deviations (±10%) from certified values.
Metallothionein quantification
CdMT concentrations in Roman snail midgut gland tissue were not measured directly. Instead, they were estimated based on the known binding stoichiometry between molar ratios of Cd 2+ and CdMT concentrations in samples of Cd-exposed snail tissues, as already applied in previous studies by means of calibration curves [18] . The estimation works owing to the inducibility of the CdMT by Cd and the established Cd 2+ binding specificity of the expressed CdMT protein [39] .
Statistics
For statistical analysis of qRT-PCR and Metal measurements, Sigma Plot 12.5 (2011 Systat Software, Inc.) was applied and data were tested for significant outliers (Grubb's test; P<0.05). Data were proved for homoscedasticity and normal distribution (Shapiro-Wilk). For the oxygen depletion experiment, all data were normally distributed and different groups were compared applying a Two Way ANOVA (P<0.05). Due to very high SDs data derived from the metal measurement of the metal exposure experiment were log transformed. For the metal exposure experiment and the diurnal experiment a Two Way ANOVA of data derived from qRT PCR and metal measurement was performed. Also a multiple comparison procedure comparing the different days / time points (Holm-Sidak method) and differences of controls and Cd exposed individuals of each day / time point (Bonferroni correction) was carried out. For both groups of the circadian experiment, controls and Cd-exposed snails, data were also divided into two groups, with day (= light phase including time points 04:30 pm, 08:30 am and 12:30 pm) and night records (= dark phase including time points 08:30 pm, 12:30 am and 04:30 am), respectively, on which a t-test (two tailed P<0.05) was applied.
Results
CdMT mRNA transcription under Cd stress
Midgut gland Cd concentrations increased significantly over time (P = 0.042) in metal-exposed snails, compared to control individuals ( Fig 1A) . Cd concentrations rose rapidly until day 3, remaining at an elevated level (up to 196 μg/g d.w.), except for day 8, through the end of the experiment. In contrast, midgut gland Cd concentrations of controls remained with about 17 μg/g dry weight (d.w.) (SD ± 8) at a persistently low level. 
Variability of Cd-Metallothionein Gene Expression in Land Snails
In Cd-stressed Roman snails, a significant increase of CdMT mRNA copy numbers was observed due to metal treatment (P = <0.001, Two Way ANOVA) ( Fig 1B) . Time-dependent increase of CdMT mRNA expression (P = 0.007, Two Way ANOVA) was particularly distinct in the first days of Cd exposure, with a peak of transcription at day 3, when mRNA concentrations amounted to values between 311 000 and 1 000 000 copies/10ng total RNA. Overall, CdMT mRNA in Cd-exposed animals reached an average level of around 432 700 (SD ± 282 800) copies/10ng total RNA, compared to a consistently lower level of around 158 600 (SD ± 75 310) copies/10ng total RNA in control snails.
CdMT protein concentrations increased up to 299 nMol / g d.w. in Cd-exposed snails, compared to controls showing a permanently low level of approx. 30 nMol / g d.w. (SD ± 20) (Fig 1C) .
Physiological variability of CdMT expression: Influence of diurnal rhythmicity and feeding activity Inherent diurnal rhythmicity. For unstressed control snails, the values of CdMT mRNA copy numbers appeared to depend on the time point of sampling during the diurnal cycle (P = 0.05, Two Way ANOVA). In fact, the time course of mRNA levels suggests an elevated transcription rate during the night, although a multiple single point comparison of values at each sampling time point did not show statistically significant differences (Fig 2A) . However, when mRNA transcription values were grouped into two categories (day and night), significant differences in CdMT gene expression were observed between day and overnight-collected snails (P = 0.0008) ( Fig 3A) .
As expected, the level of CdMT mRNA transcription was significantly higher in Cd-exposed snails compared to control animals (P = <0.001), with an average 3-fold upregulation of CdMT transcription rate in Cd-treated snails with respect to unexposed animals ( Fig 2B) . The diurnal time course of transcription rates in Cd-fed snails, however, disappeared, and no timedependent significance of the curve shape through the day/night cycle was found (P = 0.15) (Fig 2A) .
Influence of feeding activity. The diurnal curve of Cd-exposed snails was re-drawn after exclusion of values obtained from snails which had only poorly or not fed at all on Cd-enriched salad ("non-feeders") (Fig 2C) , so that only "feeders" were included into the analysis. This was possible due to the fact that the feeding activity of snails during the diurnal experiment was recorded, revealing that two categories of snails could be distinguished: the category of "feeders", representing snails, which were feeding at least two days of the five day experiment and at minimum once of these days more than half of the supplied salad leaf. All snails feeding less than described above were defined as "non-feeders". In general, more non-feeders were found in the control group compared to the Cd-treated group, even though in control snails no significant difference was found for CdMT mRNA transcription between feeders and non-feeders ( Table 1) . It appeared that after exclusion of "non-feeders" from the Cd-exposed group, the time-dependent curve shape became significant (Two Way ANOVA, P = <0.001) (Fig 2C) , although a comparison of single values between daytime and night snails did not show significant differences (two tailed P = 0.110) (Fig 3B) . Instead, a peak of CdMT mRNA transcription was observed in snails collected at 08:30 am (Fig 2C) .
Variability between controls and Cd-exposed snails. Cd concentrations through the diurnal cycle were permanently elevated in Cd-exposed snails even though significance (P = >0.0083) could be calculated only for time point 04:30 pm (Fig 4A) partly due to sample losses during metal measurement (Table 1) . Overall, Cd concentrations in control snails ranged between 6.22 and 36.08 μg/g Cd d.w. ( Table 1 ). In comparison, Cd concentrations of Cd-fed snails were up to 10-fold higher, with values ranging between 24.12 up to 455.98 μg/g Cd d.w. Non-feeding snails exposed to Cd showed persistently lower levels of midgut gland Cd concentrations, but still higher values compared to control individuals. The sample size at the different time points of the diurnal cycle was too low as to perform analyses by excluding non-feeders from the data set (n<3).
The situation was more complex when mRNA transcription rates were considered. For control snails, CdMT mRNA concentrations ranged between 145 000 and 512 000 copies / 10ng total RNA (Table 1) , with no significant difference between feeders and non-feeders (P = 0.283). Therefore, statistical calculations in control group snails were performed without exclusion of non-feeders from the data set. For individuals exposed to Cd, mRNA copy numbers varied from 150 000 up to 2 100 000. Due to the dissimilar distribution of individual numbers between the two categories (feeders = 24; non-feeders = 6), no statistical test could be applied to distinguish between feeders and non-feeders among Cd-treated snails. However, low mRNA copy numbers belonged almost exclusively to non-feeding snails (Table 1) . Therefore, analyses for Cd-exposed snails were conducted by excluding non-feeders from the data set (see Figs 2C, 3B and 4B) . Hence, whilst Cd-exposed snails showed a significant upregulation of CdMT mRNA due to Cd exposure for three time points in the diurnal cycle (04:30 pm, 08:30 pm and 12:30 pm) when non-feeders were included into the dataset, this trend became more distinctive when non-feeders were omitted. Consequently, a significant increase of CdMT mRNA concentrations with respect to controls could now also be detected at time points 04:30 am and 08:30 am (Fig 4B) . Only at time point 12:30 am did mRNA copy numbers of Cdtreated snails nearly approach the level of control snails (Fig 4B) , in spite of the fact that Cd tissue concentrations in Cd-exposed snails indicated consistently elevated metal levels with respect to control individuals (Fig 4A) .
Cd MT gene expression during desiccation
Exposure of snails to desiccation over a period of 21 days as of 2011 and 2012 gave rise to an increase of CdMT mRNA transcription in both experiments, although the elevation of CdMT mRNA expression values was only significant during 2012 (one tailed P<0.0496) (Fig 5) . Midgut gland Cd concentrations for controls and desiccated snails ranged from 10 to 16 μg/g d.w. 
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CdMT gene transcription after oxygen depletion
The impact of oxygen depletion on CdMT gene expression was tested by rearing snails under oxygen-free conditions (Fig 6A) for 24 hours. The mortality rate of oxygen-depleted snails over this time period increased to 45% in contrast to the much lower mortality rate of about 10% in control snails. Even though a decline of CdMT mRNA transcription was evident in oxygen-depleted snails after 12 and 24 hours, this decrease was statistically not significant (P = 0.139, Two Way ANOVA) (Fig 6B) .Beyond that, significantly higher CdMT mRNA copy numbers were observed in control individuals under dark conditions after 12 hours (P>0.031), compared to values in control snails sampled at daylight after 24 hours. This is consistent with the observation that CdMT mRNA transcription of control snails increases during the night (see above, Fig 3) .
Discussion
Cd-dependent upregulation: differences between CdMT mRNA and expressed protein levels
Among all potential inducers tested so far, the non-essential metal ion Cd 2+ has obviously the strongest upregulation capacity for the CdMT gene in Roman snails and some other related helicid species [17, 18, 19, 20, 31] . In fact, Cd can act as a potent inducer of MTs and MT isoforms in many other animals too [40] [41] [42] . Even though helicid CdMT genes and their expressed MT proteins have achieved through evolution an exceptional specificity in their response towards Cd [19, 20, 43] , this study shows that transcriptional upregulation of the CdMT gene can be influenced also by other factors and stressors. In the present exposure experiment, Cd feeding gave rise to a one-phase increase of CdMT mRNA in exposed Roman snails within 3 days (72 hours). Concomitantly, there was a strong increase of Cd accumulation and of CdMT protein concentration in the midgut gland of metal-exposed snails in the first few days (Fig 1) . Due to the exclusive association of the absorbed Cd 2+ with the expressed MT protein and the known binding stoichiometry of CdMT in the snail midgut gland [43, 44] , there is a strong correlation between Cd accumulation and MT concentration in this organ [18] , which means Variability of Cd-Metallothionein Gene Expression in Land Snails that CdMT levels can directly be estimated from assessed Cd concentrations. As seen in Fig  1A, the time course of CdMT upregulation in the Roman snail midgut gland is slower than normally seen in organs of most other animal species. In vertebrates or aquatic molluscs, for example, upregulation of MT transcription and protein expression in liver and kidney occur within 12 to 48 hours after metal application [45] [46] [47] . The comparatively delayed transcriptional CdMT response in Helix pomatia may be due to physiological peculiarities in terrestrial snails, where the absorption of trace elements from nutrient fluids may be prolonged by the passage of food from the midgut through the branched hepatopancreatic tubular system, until reaching midgut gland cells in which CdMT expression is induced [28] . Moreover, animals in the present experiment were allowed to feed on the Cd-rich diet ad libitum, with effective metal uptake depending on individual metabolic activity and feeding cycles, which can cause a relatively large variability among single individuals (Table 1) . Apparently, the pattern of CdMT upregulation in our experiments differs between the gene transcriptional and the expressed protein levels. In Helix pomatia, CdMT mRNA transcription shows a more fluctuating pattern (Fig 1B, Fig 4B) , compared to Cd tissue concentrations and concomitantly to CdMT protein concentrations (Fig 1C, Fig 4A) . Additionally, CdMT protein concentrations in the metal exposure experiment follow the mRNA transcription pattern with a weaker amplitude and some time lag. We therefore suggest that after the initial transcriptional CdMT upregulation by Cd-dependent signaling pathways, a subsequent phase of basal 
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CdMT transcription may take place which keeps the required protein concentration at a persistent elevated level. Once CdMT protein concentrations may have reached a maximal level capable of binding all Cd 2+ ions present in the respective tissue, only little additional protein synthesis would subsequently be required to bind Cd 2+ ions either released by decaying CdMT molecules [48] or entering the cell additionally through absorption from extracellular nutrient fluids.
Inconsistencies of concentrations between MT mRNA and protein in other animal species were explained mainly by divergent dynamics of transcriptional and translational MT regulation [47] [48] [49] . In Roman snails, the delayed pattern of the CdMT induction process may allow CdMT translation to keep in step with the transcriptional upregulation of the respective gene.
Biorhythm and diurnal MT expression pattern
Strongest environmental cue in terrestrial snails is the light/dark cycle synchronizing behavioral rhythms with highest activity of Helix pomatia at dawn [5, 11] . Studies of the circadian activity of Helix pomatia under laboratory conditions revealed an endogenous component influencing the behavior of these terrestrial snails [5] , but until now it is unclear where this oscillator is situated and how it works.
It seems that genes involved in cellular stress response tend to reflect in their transcriptional activity circadian influences more likely compared to other genes [50] by oscillating expression patterns on both, protein and mRNA levels. This has been reported for heat shock proteins [34, 51] , hypoxia-inducible transcription factors [36, 52] and many others [53] [54] [55] . It was already demonstrated, moreover, that MT genes of different organisms may be activated in a clock-related manner [56] , reflecting in their activity a diurnal expression pattern [33, 35, 57] . This is in accordance with results derived from the present study, where an increased CdMT mRNA expression was observed in control snails at night, compared to the respective daytime levels ( Fig 3A, Fig 6B) . How diurnal MT expression may be regulated, however, still remains unclear. It could be speculated, that the diurnal expression pattern is a result of the circadian control of an important regulatory transcription factor, binding to the CdMT promoter region, or may occur through direct influence of the CdMT gene by core clock proteins. DNA-binding of the Heat shock factor-1 (Hsf-1), for example, follows a distinct rhythmic pattern and as a consequence, the expression of heat shock proteins is upregulated at the beginning of the dark phase, when the animal's activity rises [34] .
Environmental stressors can influence the diurnal expression pattern of proteins by interrupting their circadian rhythmicity [58, 59] or establishing an oscillating expression pattern which is not present under stress-free conditions [36] . Compared to unexposed animals, snails exposed to Cd apparently show a disturbed diurnal CdMT mRNA expression pattern (Fig 2) , with the lowest CdMT transcription at 12:30 am, nearly reaching CdMT control levels, and the highest CdMT mRNA concentration at time point 08:30 am. This seems to reflect a reversal of the diurnal CdMT gene expression pattern in metal-exposed snails and is also indicated by the tendentially higher CdMT mRNA expression values during the light period (day), even though significance in this case is not given (Fig 3B) .
It was already demonstrated that Cd can disrupt the diurnal expression of redox enzymes and clock genes [59, 60] . It can be speculated that under control conditions, regulation of the CdMT gene transcription may follow diurnal fluctuations of other cell components, whereas detoxification of Cd becomes essential for the animal's survival upon metal exposure. It was hypothesized, that when glutathione levels are low due to diurnal variations, MTs may adopt the function of glutathione as a part of the antioxidant defense system of the cell [35] . In summary, all these results indicate that diurnal expression patterns of CdMT transcription may reflect a biological rhythmicity that could also influence heavy metal detoxification and toxicity effects. Further studies will be necessary, however, to accurately analyze the relation between circadian rhythmicity and diurnal MT expression patterns in helicid snails.
Moderate CdMT upregulation due to desiccation
Desiccation and starvation are common physiological stressors being present in the natural habitat of terrestrial snails during summer. As a consequence, snails are able to undergo aestivation by metabolic rate depression and endure such threatening conditions [9, 61] . In our experiment, snails were brought to aestivation by exposure to a prolonged period of desiccation and starvation. As seen in Fig 5, this has given rise to a moderate upregulation of CdMT mRNA transcription, with a significant increase of mRNA copy numbers in snails from the 2012 experiment (one-tailed P = 0.0496). The lacking significance of CdMT mRNA increase in aestivating snails of the 2011 experiment may be due to the high variability between individuals in combination with the very moderate CdMT gene upregulation of 1.3 to 1.4-fold only (Fig 5) . Overall, these result are in accordance with reports of Egg et al. [30] , demonstrating that CdMT protein is upregulated in Helix pomatia under the same desiccating laboratory conditions as applied in the present study. Furthermore, MT upregulation by desiccation has been demonstrated also in other species like the Antarctic midge [62] or in plants [63] [64] . However, an impact of additional stressors, caused by metabolic rate depression, on CdMT mRNA expression cannot be excluded [30] .
CdMT mRNA upregulation may in these cases be part of the general stress response, playing a role in long term survival by protection against cell damage [9, 30, 65] . Apart from MT genes, antioxidant enzyme activities and other stress-related proteins are also upregulated in aestivating snails [3, 61, 66] . Hence, due to depression of many metabolic processes, especially the less essential ones, during aestivation [9, 65] , a slightly increased CdMT upregulation may compensate for possible resulting negative effects by partially taking over tasks of these silenced biosynthetic processes in order to stabilize the cell. It is speculated, that under such circumstances (in the absence of Cd 2+ ) the isoform may be loaded with Zn
2+
. As shown previously, the CdMT protein may indeed be upregulated by high concentrations of Zn 2+ [19] possibly to avoid cell damage by excessive Zn 2+ levels [67] .
Impact of oxygen depletion on MT expression
To overcome very low temperatures in winter, snails hibernate in self-dug earth holes, where they may also experience periods of hypoxia or anoxia due to apnoic breathing patterns [68, 69] . It has already been demonstrated that MT expression can be upregulated during hypoxia or anoxia as it was shown for mammalian cells and cell systems [70] , as well as for marine invertebrates, including the snail Littorina littorea [71] , the mussel Crassostrea gigas [72] , and the prawn Litopenaeus vannamei [73] . Overall, there is multiple evidence that MTs can act as oxidant scavengers, too [74] .
Results of the present study indicate, however, that in Helix pomatia, oxygen depletion is not able to enhance CdMT mRNA expression after 12 and 24 hours of exposure to oxygen-free conditions (Fig 6B) . Though, we are not able yet to exclude the possibility of CdMT mRNA upregulation by oxygen depletion due to some experimental limitations: Firstly, two different behavioral states of exposed individuals during the experiment were observed: Most of the snails stayed inactive and capsuled themselves, whereas some other animals remained active by crawling around. This differential behavior could have diverging effects by increasing the MT mRNA transcription variability between individuals. Secondly, upregulation of the CdMT gene may have happened shortly after snails were exposed to oxygen-free conditions or after the termination of the experiment. Results also may indicate a decrease of CdMT gene expression after 12 hours (see Fig 6B) which was reported for a neotropical fish species and was explained by cellular defense signaling pathways due to hypoxic stress [75] .
To fully evaluate the possible impact of oxygen depletion on CdMT gene expression in Helix pomatia, however, further studies will be needed, by considering more carefully individual variabilities due to differential activity behavior patterns.
Conclusion
This study demonstrates that Cd is the most potent inducer of CdMT gene expression in the Roman snail Helix pomatia in comparison to applied non-metallic stressors (desiccation and oxygen depletion). Furthermore, we showed that CdMT mRNA expression follows a diurnal rhythmicity and the exposure to Cd can disrupt or even may inverse this diurnal expression pattern. Further studies have to be done to clarify stress related signal transduction pathways and to reveal diurnal rhythmicity aspects of CdMT gene expression. Although underlaying mechanisms are not completely understood, it is clear that factors increasing MT expression variability have to be considered when using MT mRNA quantification as a biomarker for environmental stressors.
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